KAT1 is a voltage-dependent inward rectifying K+ channel cloned from the higher plant Arabidopsis thaliana [Anderson, J. A., Huprikar, S. S., Kochian, L. V., Lucas, W. J. & Gaber, R. F. (1992) Proc. Natl. Acad. Sci. USA 89,[3736][3737][3738][3739][3740]. It is related to the Shaker superfamily of K+ channels characterized by six transmembrane spanning domains (S1-S6) and a putative pore-forming region between S5 and S6 (H5). The H5 region between Pro-247 and Pro-271 in KAT1 contains 14 additional amino acids when compared with Shaker [Aldrich, R. W. (1993) Nature (London) 362, 107-108]. We studied various point mutations introduced into H5 to determine whether voltage-dependent plant and animal K+ channels share similar pore structures. Through heterologous expression in Xenopus oocytes and voltage-clamp analysis combined with phenotypic analysis involving a potassium transport-defective Saccharomyces cerevisiae strain, we investigated the selectivity filter of the mutants and their susceptibility toward inhibition by cesium and calcium ions. With respect to electrophysiological properties, KAT1 mutants segregated into three groups: (i) wild-type-like channels, (ii) channels modified in selectivity and Cs+ or Ca2+ sensitivity, and (iii) a group that was additionally affected in its voltage dependence. Despite the additional 14 amino acids in H5, this motif in KAT1 is also involved in the formation of the ion-conducting pore because amino acid substitutions at Leu-251, Thr-256, Thr-259, and Thr-260 resulted in functional channels with modified ionic selectivity and inhibition. Creation of Ca2+ sensitivity and an increased susceptibility to Cs+ block through mutations within the narrow pore might indicate that both blockers move deeply into the channel. Furthermore, mutations close to the rim of the pore affecting the half-activation potential (Ui12) indicate that amino acids within the pore either interact with the voltage sensor or ion permeation feeds back on gating.
KAT1 was cloned from an Arabidopsis thaliana cDNA library by functional complementation of a yeast mutant deficient in K+ uptake (1, 2) . Using the oocyte-expression system, Schachtman et al. (3) were the first who demonstrated that KAT1 carries a voltage-dependent inward-rectifying K+ current. Further studies have shown that KAT1, the "green" inward rectifier, gains its voltage dependence through an intrinsic voltage sensor (4) rather than a block through cytoplasmic Mg2+ as shown for its animal counterpart (5) . With respect to the gating mechanism, KAT1 is therefore more closely related to the outward-rectifying Shaker-type channels. In common with Shaker, KAT1, a member of the plant inward rectifiers, shares an overall molecular structure of six hydrophobic domains (S1-S6), one of which is positively charged (S4), and an amphiphilic stretch of amino acids (H5) between S5 and S6 ( Fig. 1A) (7) . The latter two, motifs are very likely to be part of the voltage sensor (S4) and part of the ion permeation pathway (H5) (8, ¶, 11) . So far, however, chimera between KAT1 and Shaker on one side (9) and eag on the other**, including S4, did not affect inward rectification. Therefore, other membrane domains as well as intra-or extracellular sites may contribute to the voltage-sensing mechanism.tt tt Whereas different laboratories found an increase in macroscopic current through the green K+ channel at hyperpolarized membrane potentials (3, 4, (10) (11) (12) , conflicting single channel conductances have been reported. Hedrich et al. (4) and Hoshi (12) could show that a single 5-pS rather than a 34 pS (3, 13, 14) channel generated the inward currents following the expression of KAT1 in Xenopus oocytes.
A KAT1-related K+ channel, KST1, cloned from an epidermal fragment library of potato (Solanum tuberosum), is expressed in guard cells and flowers (15) . KST1 is characterized by a voltage-and ATP-dependent 7-pS K+ channel when functionally expressed in oocytes. An apparently plant-specific feature of KAT1 and KST1 is their activation by acidic pH (refs. 4, 10, 12 , and 15; cf. ref. 16 ). pH activation is achieved by a shift in the half-activation potential (U112) toward less negative or even positive potentials (refs. 4 and 12; for lack of modulation of the voltage sensor, see ref. 10 ). In addition to the Shaker-related features of KAT1, a putative ATP-and cyclic nucleotide-binding domain was deduced from the primary structure of this plant K+ channel (17) . In line with the postulated role of these structural motifs, activation of KAT1 and KST1 by ATP and cGMP has been demonstrated (12, 15 (6) . In KAT1, 14 additional amino acids were found between Pro-247 and Pro-271, the supposed bounds for the entry and exit of the plant pore region. (B) Leu-251, Thr-256, Thr-259, and Thr-260, the four residues that were mutated within this study, are indicated by arrows.
fragments were subcloned into pUC19 and sequenced. The mutated fragments were inserted into the KAT1 cDNA as a BspHI fragment and the reconstituted mutant cDNA was cloned into the pGEMHE expression cassette (19) .
Yeast Genetics. The construction of the Saccharomyces cerevisiae strain used in this study: JRY339, MATa trkl::ura3A456, trk2A1::hisG, ura3A, is described in Lichtenberg-Frate et al. (20) . Yeast strains were maintained on SDAP medium (21) containing 2% purified agar (Sigma A-7921) supplemented with KCl. KAT1 and mutants were subcloned in the expression vector pPGK (22) containing the 3-phosphoglycerate kinase promoter and terminator. Yeast transformations were performed using the lithium acetate method (23 (15) . Since Very et al. (10) described that some channel properties of KAT1 differ with the expression rate, we selected for further analysis oocytes with similar KAT1 expression.
Single-Channel Recordings (Patch-Clamp). Data acquisition and single-channel experiments were performed as described (4, 15) . The bath solution contained 100 mM potassium gluconate, 2 mM MgCl2, 2 mM EGTA, 10 mM Tris/Mes (pH 7.4), and 1 mM MgATP. Patch pipettes were loaded with 100 mM potassium gluconate/2 mM MgCl2/1 mM CaCl2/10 mM Mes/Tris (pH 5.6). The osmolality in both media was balanced with D-sorbitol to 220 milliosmoles.
Solutions. Solutions for selectivity experiments contained 2 mM MgCl2, 1 mM CaCl2, 10 mM Mes/Tris (pH 5.6), 100 mM KCl, 100 mM RbCl, 100 mM NH4Cl, 100 mM LiCl, and 100 mM 
where Io(U) denotes the current in the absence of Cs+. The half-blocking voltage UBIockl/2 could be obtained from I(UBlockl/2) = /2 X IO(UBIockI/2). (3, 4, 15, 26) . We therefore generated channel mutants in H5 and analyzed them with respect to their permeability for Rb+ and NH4+.
Inward K+ current through these mutated channels showed the slow activation kinetics charactistic of the wild-type channel (3, 4) (25) . The block of KAT1 by Cs+ is strongly voltage-dependent, increasing its strength with increasing negative voltages (Fig.  2b ). An electrical distance of >1 was calculated (Table 1) . Therefore, for KAT1, like the inward rectifier in the starfish egg (34, 35) , a multi-ion single-file pore has to be assumed to describe permeation through the K+ channel and the observed features of the interaction with Cs' (36 (Fig. 2 a and b Fig. 5 ). In contrast, KAT1 wild-type and L2511 tails initially increased (Fig. 2a) (Fig. 2 b and c) . As a control for nonspecific effects ofmutagenesis in this experiment, a change of Thr-199 to Ser, outside the T260S and the double  mutant T259/260S but not T199S, L251F, T256E, and T259S are characterized by an half-activtion potential (U112) shifted by about 60 mV more negative than wild-type KAT1. The determination of the half-activation potentials was based on activation-curve analyses as described (4) . When plotting the ratio between the steady-state currents and the corresponding tails as a function of voltage, a measure for the voltage-dependent open probability, Pope, of single KAT1 channels, best fits for wild-type and mutant channels were obtained when a cooperativity of four identical channel subunits (S4 segments) was assumed, an approach described for potassium channels (12 putative pore region, exhibited properties indistinguishable from wild-type KAT1 (Fig. 2c and Table 1 ; see Fig. 5 ).
In contrast to the guard-cell K+ uptake channels from Vicia faba, Zea mays (37, 38) (Fig. 3) (37, 38) . In Fig. 3 , the blocking Ca2+ is released by a depolarizing voltage pulse to -120 mV. In contrast to the Cs+ block, the voltage-dependent interaction of the calcium with the open pore could be described with a of 0.5, indicating that a single Ca2+ might move 50% of the voltage drop (25) . The unblock could be described by a single exponential. The deactivation in the absence of Ca2+ and after unblock was identical (Fig. 3c) . (Fig. 4) (Fig. 6a ). NHCl4 and MgCl2 had no effect. In contrast to KATI, cells expressing T256E were supersensitive to inhibition by CsCl (Fig. 6b) and CaCl2 (Fig. 6c) . The T260S mutant cells were unaffected by CaCl2 and less sensitive to CsCl than either T256E or KATI (Fig. 6b) ; however, when measured at 24 h, there was clear inhibition by CsCl. NaCl and LiCl were strongly inhibitory to T260S cells, but only weakly inhibitory to T256E and KATI. Whenever growth inhibition was observed (for KATI and both mutants), the diameter of the halo was larger at lower potassium concentrations.
These results demonstrate that both KAT1T256E and KATIT260S express functional K+ uptake channels in yeast. Growth on low K+ was strongly affected by certain cations and was different for each mutant. Despite the qualitative nature of the growth assay, the diameter of the reverse halos produced by Rb+ stimulation was in line with the PK/PRb permeability ratios of the mutant channels (Table 1) , and the degree of inhibition by Cs' or Ca2+ correlated with data obtained from voltage-clamp recordings of whole cell K+ currents (Figs. 2 and  3) . Therefore, the phenotype conferred by each mutation most likely resulted from the direct action of specific cations on ion-uptake through the mutant channels. Thus, the removal of a methyl group from the sidechain of a conserved Thr (1640/9-10).
